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Abstract
Dimensional flow, the scale dependence of the dimensionality of spacetime, is a feature shared by many theories of quantum gravity
(QG). We present the first study of the consequences of QG dimensional flow for the luminosity distance scaling of gravitational
waves in the frequency ranges of LIGO and LISA. We find generic modifications with respect to the standard general-relativistic
scaling, largely independent of specific QG proposals. We constrain these effects using two examples of multimessenger standard
sirens, the binary neutron-star merger GW170817 and a simulated supermassive black-hole merger event detectable with LISA. We
apply these constraints to various QG candidates, finding that the quantum geometries of group field theory, spin foams and loop
quantum gravity can give rise to observable signals in the gravitational-wave spin-2 sector. Our results complement and improve
GW propagation-speed bounds on modified dispersion relations. Under more model-dependent assumptions, we also show that
bounds on quantum geometry can be strengthened by solar-system tests.
1. Introduction
Quantum gravity (QG) includes any approach aiming at uni-
fying General Relativity (GR) and quantum mechanics consis-
tently, so as to keep gravitational ultraviolet (UV) divergences
under control [1, 2]. Any such approach can be either top-
down or bottom-up, depending on whether it prescribes a spe-
cific geometric structure at the Planck scale, or it starts from
low energies and then climbs up to higher energy scales. The
former class includes string theory, nonlocal QG, and nonper-
turbative proposals as Wheeler–DeWitt canonical gravity, loop
QG, group field theory, causal dynamical triangulations, causal
sets, and noncommutative spacetimes. The latter class contains
asymptotic safety and the spectral approach to noncommutative
geometry. Such variety of QG theories leads to many cosmo-
logical consequences which are currently under investigation
[3].
Given the recent direct observations of gravitational waves
(GW) [4–10], opening a new era in GW and multimessenger as-
tronomy, new opportunities are arising to test theories beyond
GR. In general, QG may affect both the production [11, 12] and
the propagation of GWs [11, 13–15] in ways that differ from
those obtained from modified-gravity models for dark energy.
While QG aims at regularizing UV divergencies in a frame-
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work applying the laws of quantum mechanics to the gravita-
tional force, one might hope that yet-to-be developed connec-
tions between UV and infrared regimes of gravity can lead to a
consistent theory of dark energy from QG.
On one hand, one may believe that QG theories can leave
no signature in GWs, arguing that quantum effects will be sup-
pressed by the Planck scale. Such a conclusion is reached by
considering the leading-order perturbative quantum corrections
to the Einstein–Hilbert action. Since these corrections are quad-
ratic in the curvature and proportional to the Planck scale ℓPl ≈
10−35m = 5 × 10−58Mpc, they are strongly subdominant at
energy or curvature scales well above ℓPl. For instance, for a
Friedmann–Lemaıˆtre–Robertson–Walker (FLRW) universe, there
are only two scales for building dimensionless quantities: ℓPl
and the Hubble radius H−1. Therefore, quantum contributions
should be of the form (ℓPlH)
n, where n = 2, 3, . . .. Today, quan-
tum effects are as small as (ℓPlH0)
n ∼ 10−60n, and any late-time
QG imprint is Planck-suppressed and undetectable.
On the other hand, these considerations are not necessarily
correct. One may consider nonperturbative effects going be-
yond the simple dimensional argument quoted above. Indeed,
in the presence of a third intermediate scale L ≫ ℓPl, quantum
correctionsmay become∼ ℓa
Pl
HbLc with a−b+c = 0, and not all
these exponents are necessarily small. Such is the case, for in-
stance, of loop quantum cosmology with anomaly cancellation
(a mini-superspace model motivated by loop quantum gravity),
where quantum states of spacetime geometry may be endowed
with a mesoscopic effective scale [16]. These and other QG
inflationary models can leave a sizable imprint in the early uni-
verse [3].
In this Letter, we consider a long-range nonperturbativemech-
anism, dimensional flow, namely the change of spacetime di-
mensionality found in most QG candidates [17–19]. We ar-
gue that this feature of QG, already used as a direct agent in
QG inflationary models [20–23], can also have important con-
sequences for the propagation of GWs over cosmological dis-
tances. We identify QG predictions shared by different quan-
tization schemes, and determine a model-independent expres-
sion, Eq. (5), for the luminosity distance of GWs propagating in
a dimensionally changing spacetime in QG. Testing this expres-
sion against current LIGO-Virgo data, mock LISA data, and
solar-system tests, allows us to constrain the spacetime dimen-
sionality of a representative number of QG theories. We mainly
focus on the spin-2 GW sector and on specific opportunities
of GW experiments to test QG scenarios, assuming that the
other dynamical sectors (e.g. spin-0 and spin-1) are not modi-
fied by QG corrections. Our results suggest that group field the-
ory/spin foams/loop quantum gravity (GFT/SF/LQG), known
to affect both the UV limit of gravity and cosmological infla-
tionary scales, can also influence the properties of GWs, due
to effects that have not been previously considered. We also
compare our results with complementary constraints on mod-
ified dispersion relations, and discuss possible implications of
the Hulse–Taylor pulsar. Finally, we also take into consider-
ation some different type of model-dependent bounds to QG
theories, particularly from solar-system experiments.
2. Dimensional flow
All the main QG theories share some features that will be
the basis for our results. In general, there always exists a con-
tinuum limit to a spacetime with a continuous integrodifferen-
tial structure, effectively emerging from some fundamental dy-
namics that we do not need to specify here. On this contin-
uum, one can consider a gravitational wave, which, in Isaac-
son shortwave approximation [24], is a high-frequency spin-
2 perturbation hµν = h+e
+
µν + h×e
×
µν over a background metric
g
(0)
µν = gµν − hµν and is described by the two polarization modes
h+,× in D = 4 topological dimensions (with e
+,×
µν being the po-
larization tensors). Quantization of spacetime geometry or its
emergence from fundamental physics introduces, directly or in-
directly, two types of change relevant for the propagation of
GWs: an anomalous spacetime measure d̺(x) (how volumes
scales) and a kinetic operator K(∂) (modified dispersion rela-
tions). Other effects such as perturbative curvature corrections
are not important here. The perturbed action for a small pertur-
bation hµν over a background g
(0)
µν is
S =
1
2ℓ2Γ∗
∫
d̺
√
−g(0)
[
hµνKhµν+ O(h2µν) +Jµνhµν
]
, (1)
where the prefactor makes the action dimensionless, Jµν is a
generic source term, and the O(h2µν) terms play no role at small
scales. The modes h+,×/ℓΓ∗ , where ℓ∗ is a characteristic scale of
the geometry, are dimensionally and dynamically equivalent to
a scalar field.
The measure defines a geometric observable, the Hausdorff
dimension dH(ℓ) := d ln ̺(ℓ)/d ln ℓ, describing how volumes
scale with their linear size ℓ. In a classical spacetime, dH =
4. Also, spacetime is dual to a well-defined momentum space
characterized by a measure ˜̺(k) with Hausdorff dimension dk
H
,
in general different from dH. The kinetic term is related to
dk
H
and to another observable, the spectral dimension dS(ℓ) :=
−d lnP(ℓ)/d ln ℓ, where P(ℓ) ∝
∫
˜̺(k) exp[−ℓ2K˜(−k2)], and
the function K˜ is the dispersion relationK rescaled by a length
power. In any plateau of dimensional flow, where all dimen-
sions are approximately constant, hence ˜̺(k) ∼ dk kdkH−1 and
K˜ ≃ ℓ2β−2∗ k2β for a constant β = [K]/2 (half the energy scaling
of K), we find that P ∝ (ℓβ−1∗ ℓ)−dkH/β, implying dS = 2dkH/[K].
In such plateau region, since [S ] = 0, from Eq. (1) we have
Γ ≃ dH
2
− d
k
H
dS
, (2)
and Γ ≈ const. We assume that dS , 0 at all scales. Cases
where dS = 0 at short scales must be treated separately [25]. In
the GR limit in D topological dimensions (standard spacetime,
no QG corrections), dH = d
k
H
= dS = D and Γ = D/2 − 1, the
usual scaling of a scalar field.
Equation (2) applies to many concrete QGs, each with its
own characteristic measures ̺, ˜̺ and kinetic operator K . Pre-
dictions of representative theories at small (ΓUV) and interme-
diate scales (Γmeso) are found in Tab. 1. Scales at which QG
corrections are important belong to the UV regime, whereas
intermediate scales where the corrections are small but non-
negligible belong to the mesoscopic one.
2
ΓUV Γmeso & 1
GFT/SF/LQG [26–28] [−3, 0) yes
Causal dynamical triangulations [29] −2/3
κ-Minkowski (other) [30, 31] [−1/2, 1]
Stelle gravity [32, 33] 0
String theory (low-energy limit) [34, 35] 0
Asymptotic safety [36] 0
Horˇava–Lifshitz gravity [37] 0
κ-Minkowski bicross-product ∇2 [31] 3/2 yes
κ-Minkowski relative-locality ∇2 [31] 2 yes
Padmanabhan nonlocal model [38, 39] 2 yes
Table 1: Value of ΓUV for different QG theories. Theories with a near-IR parameter Γmeso & 1 are indicated in the second column.
Given a spacetime measure ̺, a kinetic operator K , and a
compact source J , the GW amplitude h (subscripts +,× omit-
ted) is determined by the convolution h ∝
∫
d̺J G of the
source with the retarded Green function obeying K G = δ̺,
where δ̺ is the Dirac delta generalized to a nontrivial measure
̺. In radial coordinates in the local wave zone (a region of space
larger than the system size, but smaller than any cosmological
scale), G(t, r) ∼ fG(t, r) r−Γ, where fG is dimensionless. This
yields the scaling of h,
h(t, r) ∼ fh(t, r) (ℓ∗/r)Γ , [ fh] = 0 . (3)
Equation (3) describes the distance scaling of the amplitude of
GW radiation emitted by a binary system and observed in the
local wave zone, in any regime where Γ ≈ const. fh depends
on the source J and on the type of correlation function (ad-
vanced or retarded), but the key point is that h is the product of
a dimensionless function fh and a power-law distance behavior.
This is a fairly general feature in QG, since it is based only on
the scaling properties of the measure and the kinetic term.
3. Gravitational waves
We now extend these results to GWs propagating over cos-
mological distances. Working on a conformally flat FLRW
background, t → τ is conformal time, r is the comoving dis-
tance of the GW source from the observer, and r is multiplied
by the scale factor a0 = a(τ0) in the right-hand side of Eq. (3).
To express Eq. (3) in terms of an observable, we consider GW
sources with an electromagnetic counterpart. The luminosity
distance of an object emitting electromagnetic radiation is de-
fined as the power L per flux unit F, dem
L
:=
√
L/(4πF), and
it is measured photometrically. On a flat FLRW background,
dem
L
= (1 + z)
∫ τ0
τ(z)
dτ = a2
0
r/a, where z = a0/a − 1 is the red-
shift. We assume that QG corrections to dem
L
are negligible at
large scales. Absorbing redshift factors and all the details of
the source (chirp mass, spin, and so on) into the dimensionless
function fh(z), Eq. (3) becomes
h(z) ∼ fh(z)
[
ℓ∗
dem
L
(z)
]Γ
. (4)
The final step is to generalize relation (4), valid only for
a plateau in dimensional flow, to all scales. An exact calcula-
tion is extremely difficult except in special cases, but a model-
independent approximate generalization is possible because the
system is multiscale (it has at least an IR and a UV limit, Γ→ 1
and Γ → ΓUV). In fact, multiscale systems such as those in
multifractal geometry, chaos theory, transport theory, financial
mathematics, biology and machine learning are characterized
by at least two critical exponents Γ1 and Γ2 combined together
as a sum of two terms rΓ1 + A rΓ2 + . . ., where A and each
subsequent coefficients contain a scale (hence the term multi-
scale). In QG, lengths have exactly this behavior, which has
been proven to be universal [40–44] in the flat-space limit: it
must hold also for the luminosity distance because one should
recover such multiscaling feature in the subcosmological limit
dem
L
→ r. Thus,
h ∝ 1
dgw
L
,
dgw
L
dem
L
= 1 + ε
(
dem
L
ℓ∗
)γ−1
, (5)
with ε = O(1), and γ , 0. In the presence of only one fun-
damental length scale ℓ∗ = O(ℓPl), Eq. (5) is exact [42] and
γ = ΓUV takes the values in Tab. 1. Conversely, if ℓ∗ is a meso-
scopic scale, then Eq. (5) is valid only near the IR, close to the
end of the flow, and γ = Γmeso ≈ 1.
The coefficient ε cannot be determined universally, since it
depends on the details of the transient regime, but we can set
ε = O(1) without loss of generality because also ℓ∗ is a free
parameter. However, the case with γ ≈ 1 is subtle as we cannot
recover GR unless ε vanishes. This implies that ε must have a
γ dependence: the simplest choice such that ε(γ , 1) = O(1),
ε(γ = 1) = 0, and recovering the pure power law (4) on any
plateau is ε = γ − 1. The sign of ε is left undetermined to allow
for all possible cases. The result is Eq. (5) with ε = ±|γ − 1|.
Equation (5) is our key result for analyzing the phenomeno-
logical consequences of QG dimensional flow for the propa-
gation of GWs. Its structure resembles the GW luminosity-
distance relation expected in some models with large extra-
dimensions [9, 45–47], where gravity classically “leaks” into
a higher dimensional space. However, we emphasize that Eq.
(5) is based on a feature of most QG proposals, dimensional
flow, and does not rely on realizations in terms of classical ex-
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tra dimensions.
The left-hand side of Eq. (5) is the strain measured in a GW
interferometer. The right-hand side features the luminosity dis-
tance measured for the optical counterpart of the standard siren.
Therefore, observations can place constraints on the two param-
eters ℓ∗ and γ in a model-independent way, by constraining the
ratio dgw
L
(z)/dem
L
(z) as a function of the redshift of the source.
Our analysis is based on two standard sirens (with associated
EM counterpart): the binary neutron-star merger GW170817
observed by LIGO-Virgo and the Fermi telescope [8], and a
simulated z = 2 supermassive black hole merging event that
could be observed by LISA [48–50]. There are three cases to
consider:
(a) 0 > γ − 1 leads to an upper bound on ℓ∗ of cosmological
size, namely ℓ∗ < (101 − 104)Mpc. Hence, when γ = ΓUV, we
cannot constrain the deep UV limit of quantum gravity, since
ℓ∗ = O(ℓPl). This is expected in QG theories with ΓUV < 1
(Tab. 1) on the tenet that deviations from classical geometry
occur at microscopic scales unobservable in astrophysics.
(b) 0 < γ − 1 = O(1): there is a lower bound on ℓ∗ of cos-
mological size. Therefore, if Eq. (5) is interpreted as valid at all
scales of dimensional flow and γ = ΓUV, this result rules out the
three models not included in the previous case: κ-Minkowski
spacetime with ordinary measure and the bicross-product or
relative-locality Laplacians and Padmanabhan’s nonlocalmodel
of black holes.
(c) 0 < γ − 1 ≪ 1: Eq. (5) is valid in a near-IR regime
and γ = Γmeso is very close to 1 from above. Using a Bayesian
analysis identical to that of [9] (page 11) where ℓ∗ is fixed and
the constraint on γ is inferred [48], the resulting upper bound
on γ is shown in Fig. 1. For the smallest QG scales, the bound
saturates to
0 < Γmeso − 1 < 0.02 . (6)
Examining Eq. (2), we conclude that case (c) is realized only
BNS ε > 0
BNS ε < 0
SMBH ε > 0
SMBH ε < 0
10-59 10-49 10-39 10-29 10-19 10-9
1.02
1.03
1.04
1.05
1.06
1.07
1.08
*/Mpc
γ
Figure 1: Upper bounds on γ for ℓ∗ fixed between 1Mpc and the Planck scale
ℓPl = 5 × 10−58 Mpc for the LIGO-Virgo observed binary neutron-star merger
GW170817 (BNS) and a simulated LISA supermassive black hole (SMBH)
merger.
for geometries with a spectral dimension reaching dS → 4 from
above. The only theories in our list that do so are those where
ΓUV > Γmeso > 1 (the last three in Tab. 1: κ-Minkowski space-
time with ordinarymeasure and bicross-product or relative-local-
ity Laplacians and Padmanabhan’s model [48]) or Γmeso > 1 >
ΓUV (GFT/SF/LQG [27]). However, we exclude observabil-
ity of the models with ΓUV > Γmeso > 1, since they predict
Γmeso − 1 ∼ (ℓPl/demL )2 < 10−116 [48]. Thus, only GFT, SF or
LQG could generate a signal detectable with standard sirens.
Here dS runs from small values in the UV, but before reach-
ing the limit dIR
S
= 4 it overshoots the asymptote and decreases
again: hence Γmeso > 1 > ΓUV. It would be interesting to find
realistic quantum states of geometry giving rise to such a signal,
with the construction of simplicial complexes as in Ref. [27].
4. Complementary constraints
Dimensional flow is also influenced by modifications of the
dispersion relationK(−k2) = −ℓ2−2d
k
H
/dS
∗ k2+k2d
k
H
/dS of the spin-2
graviton field, and this fact has been used to impose constraints
on QG theories exhibiting dimensional flow using the LIGO-
Virgomerging events [11, 13, 14]. However, the limits obtained
this way are weaker than the ones we have found here because
the GW frequency is much lower than the Planck frequency.
One gets either very weak bounds on ℓ∗ or, setting ℓ−1∗ > 10 TeV
(LHC scale), a bound n = dH−2−2Γ < 0.76 [14], for dmesoH ≈ 4
corresponding to Γmeso − 1 > −0.38. This can constrain models
such as the second and third in Tab. 1, but not those such as
GFT/SF/LQG for which Eq. (6) holds.
Additional constraints on the spin-2 sector can arise from
observations of the Hulse–Taylor pulsar [51]. If the spacetime
dimension deviates from four roughly below scales lpulsar =
106 km ≈ 10−13Mpc, then the GW emission from this source is
expected to be distinguishable from GR. However, it is difficult
to analyze the binary dynamics and GW emission in higher-
dimensional spacetimes [52] and it is consequently more com-
plicated to set bounds from binary pulsar systems. We will thus
leave these investigations for future work. We point out, how-
ever, that at scales below ℓ∗ = lpulsar (the vertical line in Fig. 1),
our results could be largely improved by stronger constraints
from the dynamics of compact objects.
Finally, stronger but model-dependent bounds can arise in
scenarios that affect other sectors besides the dynamics of the
spin-2 graviton field. To have an idea of the constraints that can
arise when other sectors become dynamical in QG, we consider
a case where the effective scalar Newtonian potential Φ ∼ h00
experiences QG dimensional flow: then the bound (6) can be
strengthened by solar-system tests. In fact, Eq. (3) can describe
Φ in a regime where Γ is approximately constant, while choos-
ing subhorizon distances dem
L
= r in Eq. (5) we get a multiscale
expression. Thus, in four dimensions
Φ ∝ −1
r
(
1 ± ∆Φ
Φ
)
,
∆Φ
Φ
= |γ − 1|
(
r
ℓ∗
)γ−1
. (7)
This result, different from but complementary [48] to what found
in the effective field theory approach to QG, applies to the non-
perturbative GFT/SF/LQG theories with γ > 1 at mesoscopic
scales. Assuming that photon geodesics are not modified at
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those scales, GR tests within the solar system using the Cassini
bound impose ∆Φ/Φ < 10−5 [53, 54], implying
0 < Γmeso − 1 < 10−5, (8)
which is stronger than the limit obtained from GWs. However,
this result relies on model-dependent assumptions on the scalar
sector, independent of our previous arguments on the propa-
gation of spin-2 GWs, and should be taken cum grano salis.
We emphasize that in QG the dynamics of spin-0 fields and the
Newtonian potential Φ can be far from trivial. Precisely for
GFT/SF/LQG, the classical limit of the graviton propagator is
known [55], but corrections to it and to the Newtonian poten-
tial are not [56]. Therefore, we cannot compare Eq. (7) with
the full theory, nor do we know whether quantum states exist
giving rise to such a correction.
5. Conclusions
Quantum gravity can modify both the production and the
propagation of gravitational waves. We obtained the general
equation (5) describing model-independent modifications due
to nonperturbative QG on the GW luminosity distance associ-
ated with long distance propagation of GWs. We have then
shown that, while the deep UV regime of QG cannot be probed
by GWs, mesoscopic-scale (near-IR) departures from classical
GR due to QG effects can be in principle testable with LIGO
and LISA detections of merging events in the theories GFT/-
SF/LQG. Solar-system tests of the Newtonian potential Φ lead
to stronger constraints than the ones imposed from GW data,
but rely on model-dependent assumptions on the dynamics of
the scalar Newtonian potential Φ. Focussing on the spin-2 field
only, there are several directions that remain to be explored. For
instance, time delays in gravitational lensing might be another
place where to look for propagation effects beyond GR within
LISA sensitivity. Moreover, also the details of the astrophysical
systems giving rise to GW signals should be studied, in order to
understand the consequences of a QG geometry on the produc-
tion of GWs in the high-curvature region surrounding compact
objects.
Acknowledgments. G.C. and S.K. are supported by the I+D
grant FIS2017-86497-C2-2-P of the Spanish Ministry of Sci-
ence, Innovation and Universities. S.K. is supported by JSPS
KAKENHI No. 17K14282 and Career Development Project for
Researchers of Allied Universities. M.S. is supported in part by
STFC grant ST/P000258/1. G.T. thanks Ivonne Zavala for dis-
cussions; he is partially supported by STFC grant ST/P00055X/1.
References
[1] D. Oriti ed., Approaches to Quantum Gravity, Cambridge University
Press, Cambridge, U.K., 2009.
[2] G.F.R. Ellis, J. Murugan, and A. Weltman eds., Foundations of Space and
Time, Cambridge University Press, Cambridge, U.K., 2012.
[3] G. Calcagni, Classical and Quantum Cosmology, Springer, Switzerland,
2017.
[4] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Observa-
tion of gravitational waves from a binary black hole merger, Phys. Rev.
Lett. 116 (2016) 061102 [arXiv:1602.03837].
[5] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Tests of
general relativity with GW150914, Phys. Rev. Lett. 116 (2016) 221101
[arXiv:1602.03841].
[6] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations],
GW151226: observation of gravitational waves from a 22-solar-mass
binary black hole coalescence, Phys. Rev. Lett. 116 (2016) 241103
[arXiv:1606.04855].
[7] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations],
GW170817: observation of gravitational waves from a binary neutron
star inspiral, Phys. Rev. Lett. 119 (2017) 161101 [arXiv:1710.05832].
[8] B.P. Abbott et al. [LIGO Scientific and Virgo and Fermi-GBM and IN-
TEGRAL Collaborations], Gravitational waves and gamma-rays from a
binary neutron star merger: GW170817 and GRB 170817A, Astrophys.
J. 848 (2017) L13 [arXiv:1710.05834].
[9] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Tests of
general relativity with GW170817, Phys. Rev. Lett. 123 (2019) 011102
[arXiv:1811.00364].
[10] B.P. Abbott et al. [LIGO Scientific and Virgo Collaborations], GWTC-
1: a gravitational-wave transient catalog of compact binary mergers ob-
served by LIGO and Virgo during the first and second observing runs,
Phys. Rev. X 9 (2019) 031040 [arXiv:1811.12907].
[11] N. Yunes, K. Yagi, and F. Pretorius, Theoretical physics implications of
the binary black-hole merger GW150914, Phys. Rev. D 94 (2016) 084002
[arXiv:1603.08955].
[12] E. Berti, K. Yagi, and N. Yunes, Extreme gravity tests with gravitational
waves from compact binary coalescences: (I) inspiral-merger, Gen. Rel.
Grav. 50 (2018) 46 [arXiv:1801.03208].
[13] J. Ellis, N.E. Mavromatos, and D.V. Nanopoulos, Comments on gravi-
ton propagation in light of GW150914, Mod. Phys. Lett. A 31 (2016)
1650155 [arXiv:1602.04764].
[14] M. Arzano and G. Calcagni, What gravity waves are telling about quan-
tum spacetime, Phys. Rev. D 93 (2016) 124065 [arXiv:1604.00541].
[15] S. Mirshekari, N. Yunes, and C.M. Will, Constraining Lorentz-violating,
modified dispersion relations with gravitational waves, Phys. Rev. D 85
(2012) 024041 [arXiv:1110.2720].
[16] M. Bojowald, G. Calcagni, and S. Tsujikawa, Observational constraints
on loop quantum cosmology, Phys. Rev. Lett. 107 (2011) 211302
[arXiv:1101.5391].
[17] G. ’t Hooft, Dimensional reduction in quantum gravity, in Salam-
festschrift, Ed. by A. Ali, J. Ellis, S. Randjbar-Daemi, World Scientific,
Singapore, 1993 [arXiv:gr-qc/9310026].
[18] G. Calcagni, Fractal universe and quantum gravity, Phys. Rev. Lett. 104
(2010) 251301 [arXiv:0912.3142].
[19] S. Carlip, Dimension and dimensional reduction in quantum gravity, Clas-
sical Quantum Gravity 34 (2017) 193001 [arXiv:1705.05417].
[20] M. Reuter and F. Saueressig, Asymptotic safety, fractals, and cosmology,
Lect. Notes Phys. 863 (2013) 185 [arXiv:1205.5431].
[21] G. Amelino-Camelia, M. Arzano, G. Gubitosi, and J. Magueijo, Di-
mensional reduction in the sky, Phys. Rev. D 87 (2013) 123532
[arXiv:1305.3153].
[22] G. Amelino-Camelia, M. Arzano, G. Gubitosi, and J. Magueijo, Dimen-
sional reduction in momentum space and scale-invariant cosmological
fluctuations, Phys. Rev. D 88 (2013) 103524 [arXiv:1309.3999].
[23] G. Calcagni, S. Kuroyanagi and S. Tsujikawa, Cosmic microwave back-
ground and inflation in multi-fractional spacetimes, J. Cosmol. Astropart.
Phys. 08 (2016) 039 [arXiv:1606.08449].
[24] R.A. Isaacson, Gravitational radiation in the limit of high frequency. I.
The linear approximation and geometrical optics, Phys. Rev. 166 (1968)
1263.
[25] F. Briscese, G. Calcagni, and L. Modesto, Nonlinear stability in nonlocal
gravity, Phys. Rev. D 99 (2019) 084041 [arXiv:1901.03267].
[26] G. Amelino-Camelia, M. Arzano, and A. Procaccini, Severe con-
straints on loop-quantum-gravity energy-momentum dispersion relation
from black-hole area-entropy law, Phys. Rev. D 70 (2004) 107501
[arXiv:gr-qc/0405084].
[27] G. Calcagni, D. Oriti, and J. Thu¨rigen, Dimensional flow in discrete quan-
tum geometries, Phys. Rev. D 91 (2015) 084047 [arXiv:1412.8390].
[28] J. Mielczarek and T. Trzes´niewski, Spectral dimension with de-
formed spacetime signature, Phys. Rev. D 96 (2017) 024012
[arXiv:1612.03894].
[29] D.N. Coumbe and J. Jurkiewicz, Evidence for asymptotic safety from
5
dimensional reduction in causal dynamical triangulations, J. High Energy
Phys. 03 (2015) 151 [arXiv:1411.7712].
[30] D. Benedetti, Fractal properties of quantum spacetime, Phys. Rev. Lett.
102 (2009) 111303 [arXiv:0811.1396].
[31] M. Arzano and T. Trzes´niewski, Diffusion on κ-Minkowski space, Phys.
Rev. D 89 (2014) 124024 [arXiv:1404.4762].
[32] K.S. Stelle, Renormalization of higher-derivative quantum gravity, Phys.
Rev. D 16 (1977) 953.
[33] G. Calcagni, L. Modesto, and G. Nardelli, Quantum spectral dimen-
sion in quantum field theory, Int. J. Mod. Phys. D 25 (2016) 1650058
[arXiv:1408.0199].
[34] G. Amelino-Camelia, J.R. Ellis, N.E. Mavromatos, and D.V. Nanopou-
los, Distance measurement and wave dispersion in a Liouville string
approach to quantum gravity, Int. J. Mod. Phys. A 12 (1997) 607
[arXiv:hep-th/9605211].
[35] G. Calcagni and L. Modesto, Nonlocality in string theory, J. Phys. A 47
(2014) 355402 [arXiv:1310.4957].
[36] O. Lauscher and M. Reuter, Fractal spacetime structure in asymp-
totically safe gravity, J. High Energy Phys. 10 (2005) 050
[arXiv:hep-th/0508202].
[37] P. Horˇava, Spectral dimension of the universe in quantum gravity at a
Lifshitz point, Phys. Rev. Lett. 102 (2009) 161301 [arXiv:0902.3657].
[38] T. Padmanabhan, Quantum structure of space-time and black hole en-
tropy, Phys. Rev. Lett. 81 (1998) 4297 [arXiv:hep-th/9801015].
[39] M. Arzano and G. Calcagni, Black-hole entropy and minimal diffusion,
Phys. Rev. D 88 (2013) 084017 [arXiv:1307.6122].
[40] Y.J. Ng and H. Van Dam, Limit to space-time measurement, Mod. Phys.
Lett. A 9 (1994) 335.
[41] G. Amelino-Camelia, Limits on the measurability of space-time distances
in the semiclassical approximation of quantum gravity, Mod. Phys. Lett.
A 9 (1994) 3415 [arXiv:gr-qc/9603014].
[42] G. Calcagni, Multiscale spacetimes from first principles, Phys. Rev. D 95
(2017) 064057 [arXiv:1609.02776].
[43] G. Amelino-Camelia, G. Calcagni and M. Ronco, Imprint of quantum
gravity in the dimension and fabric of spacetime, Phys. Lett. B 774 (2017)
630 [arXiv:1705.04876].
[44] G. Calcagni and M. Ronco, Dimensional flow and fuzziness in quantum
gravity: emergence of stochastic spacetime, Nucl. Phys. B 923 (2017)
144 [arXiv:1706.02159].
[45] C. Deffayet and K. Menou, Probing gravity with spacetime sirens, Astro-
phys. J. 668 (2007) L143 [arXiv:0709.0003].
[46] K. Pardo, M. Fishbach, D.E. Holz, and D.N. Spergel, Limits on the
number of spacetime dimensions from GW170817, J. Cosmol. Astropart.
Phys. 07 (2018) 048 [arXiv:1801.08160].
[47] D. Andriot and G. Lucena Go´mez, Signatures of extra dimensions
in gravitational waves, J. Cosmol. Astropart. Phys. 06 (2017) 048
[arXiv:1704.07392].
[48] G. Calcagni, S. Kuroyanagi, S. Marsat, M. Sakellariadou, N. Tamanini,
and G. Tasinato, Quantum gravity and gravitational-wave astronomy, J.
Cosmol. Astropart. Phys. 10 (2019) 012 [arXiv:1907.02489].
[49] N. Tamanini, C. Caprini, E. Barausse, A. Sesana, A. Klein, and A. Pe-
titeau, Science with the space-based interferometer eLISA. III: Probing
the expansion of the Universe using gravitational wave standard sirens, J.
Cosmol. Astropart. Phys. 04 (2016) 002 [arXiv:1601.07112]
[50] N. Tamanini, Late time cosmology with LISA: probing the cosmic expan-
sion with massive black hole binary mergers as standard sirens, J. Phys.
Conf. Ser. 840 (2017) 012029 [arXiv:1612.02634]
[51] J.M. Weisberg and J.H. Taylor, Relativistic binary pulsar B1913+16:
thirty years of observations and analysis, ASP Conf. Ser. 328, 25 (2005)
[arXiv:astro-ph/0407149].
[52] V. Cardoso, O´.J.C. Dias, and J.P.S. Lemos, Gravitational radia-
tion in D-dimensional spacetimes, Phys. Rev. D 67 (2003) 064026
[arXiv:hep-th/0212168].
[53] B. Bertotti, L. Iess, and P. Tortora, A test of general relativity using radio
links with the Cassini spacecraft, Nature 425 (2003) 374.
[54] C.M. Will, The confrontation between general relativity and experiment,
Living Rev. Rel. 17 (2014) 4 [arXiv:1403.7377].
[55] E. Bianchi, L. Modesto, C. Rovelli, and S. Speziale, Graviton propaga-
tor in loop quantum gravity, Classical Quantum Gravity 23 (2006) 6989
[arXiv:gr-qc/0604044].
[56] J.D. Christensen, E.R. Livine, and S. Speziale, Numerical evidence of
regularized correlations in spin foam gravity, Phys. Lett. B 670 (2009)
403 [arXiv:0710.0617].
6
